While haemodynamic variability interferes with the assumption of constant flow underlying thermodilution cardiac output calculation, variability in (peripheral) arterial vascular physiology may affect pulse contour cardiac output methods. We compared non-invasive finger arterial pressure-derived continuous cardiac output measurements (Nexfin â ) with cardiac output measured using thermodilution during cardiothoracic surgery and determined the impact of cardiovascular variability on either method. We compared cardiac output derived from non-invasive finger arterial pressure with cardiac output measured by thermodilution at four grades (A-D) of cardiovascular variability. We defined Grade A data as heart rate and mean arterial pressure variability < 5% and the absence of arrhythmias (implying stable flow) and Physiocal â interval (as measure of variability in finger arterial physiology) > 30 beats. Grade B included all levels of heart rate/mean arterial pressure variability and arrhythmias (Physiocal < 30 excluded). Grade C included all Physiocal intervals (heart rate/mean arterial pressure variability > 5% and arrhythmias excluded). Grade D included all data. Comparison results were quantified as percentage errors. We analysed measurements in 27 patients undergoing coronary artery bypass surgery. Before extracorporeal circulation, the percentage error was 23% (n = 14 patients) in grade A, 28% (n = 20) in grade B, 32% (n = 22) in grade C and 37% (n = 26) in grade D, with a significant increase in variance (p = 0.035). Bias did not differ between grades. After extracorporeal circulation (n = 27), percentage errors became larger, but were not different between grades. Variability during cardiothoracic surgery affected the comparison between thermodilution and non-invasive finger arterial pressure-derived cardiac output. When the main sources of variability were included, percentage errors were large. Future cardiac output methodology comparison studies should report haemodynamic variability.
Summary
While haemodynamic variability interferes with the assumption of constant flow underlying thermodilution cardiac output calculation, variability in (peripheral) arterial vascular physiology may affect pulse contour cardiac output methods. We compared non-invasive finger arterial pressure-derived continuous cardiac output measurements (Nexfin â ) with cardiac output measured using thermodilution during cardiothoracic surgery and determined the impact of cardiovascular variability on either method. We compared cardiac output derived from non-invasive finger arterial pressure with cardiac output measured by thermodilution at four grades (A-D) of cardiovascular variability. We defined Grade A data as heart rate and mean arterial pressure variability < 5% and the absence of arrhythmias (implying stable flow) and Physiocal â interval (as measure of variability in finger arterial physiology) > 30 beats. Grade B included all levels of heart rate/mean arterial pressure variability and arrhythmias (Physiocal < 30 excluded). Grade C included all Physiocal intervals (heart rate/mean arterial pressure variability > 5% and arrhythmias excluded). Grade D included all data. Comparison results were quantified as percentage errors. We analysed measurements in 27 patients undergoing coronary artery bypass surgery. Before extracorporeal circulation, the percentage error was 23% (n = 14 patients) in grade A, 28% (n = 20) in grade B, 32% (n = 22) in grade C and 37% (n = 26) in grade D, with a significant increase in variance (p = 0.035). Bias did not differ between grades. After extracorporeal circulation (n = 27), percentage errors became larger, but were not different between grades. Variability during cardiothoracic surgery affected the comparison between thermodilution and non-invasive finger arterial pressure-derived cardiac output. When the main sources of variability were included, percentage errors were large. Future cardiac output methodology comparison studies should report haemodynamic variability. 
Introduction
Maintaining sufficient cardiac output (CO) is essential to guarantee oxygen delivery. During surgery, CO can be easily affected by a reduction in preload as caused by either anaesthesia, positioning of the patient or positive pressure ventilation [1] . Consequently, even patients undergoing moderate-risk surgery may benefit from continuous haemodynamic monitoring of CO. This led to a trend towards less invasive and continuous methods to guide fluid therapy during surgery and in the intensive care setting [2] . So-called 'minimally invasive' CO monitoring typically only needs arterial pressure [3] .
Continuous CO can also be derived from non-invasive arterial pressure waveforms as well as from invasive arterial pressure using pulse contour methods [4] . . This approach ensured that the consistency of the injected volume and the linearity of the injection rate, reduced the injection time and avoided transfer of heat to the syringe by direct hand contact. A priming injection to cool the tubing was followed by four injections of cooled (< 10°C) glucose solution [12] . The computer-controlled injections were precisely timed and equally distributed over the ventilatory cycle determined from airway pressure [11, 13] . Each set of four thermodilution CO determinations was averaged to obtain one single value.
Automatically generated markers indicated the precise timing of the thermodilution injections. We visually checked thermodilution curves before acceptance.
Non-invasive arterial pressure (Nexfin â monitor, Edwards Lifesciences BMEYE, Amsterdam, the Netherlands [14] ) measurements, based on the volume-clamp method using a finger cuff as proposed by Pe n az [15] , were regularly and automatically calibrated with Physiocal, the physiological calibration developed by Wesseling et al. [9, 16] . Finger arterial pressure was reconstructed to brachial pressures in real time [17] [18] [19] [20] . We measured invasive ('after pump') were considered to contain additional variability, since peripheral arterial pressure may be less representative of central pressure [26, 27] . Moreover, the temperature drift caused by the rewarming of the subject may render thermodilution CO erratic.
We evaluated the arterial pressure CO and thermodilution CO methods for agreement of both the absolute and tracking values, that is, quantifying the ability to follow CO changes [28] . Differences between arterial pressure CO and thermodilution CO are called 'absolute', whereas these differences after removal of the bias in a subject are called 'tracking'. To remove the subject bias, we calculated a factor from the average within-subject precision was calculated as the SD of arterial pressure CO -thermodilution CO differences [25] .
This within-subject precision, and also the within-subject percentage error that can be calculated from it, allows separating of precision in the individual from the precision determined over the group data. Group data were calculated from the SD over the individual averages of arterial pressure CO -thermodilution CO differences and expressed as subject-averaged per cent error. The averaged data of each individual with horizontal and vertical error bars showing the within-subject variability and precision are also given in Bland-Altman plots [17] . Sample size calculations for Bland-Altman analysis are considered controversial [28] . Therefore, we followed the rule of thumb of approximately 25 patients in CO studies [30] .
We classified the influence of haemodynamic and peripheral vascular variability on the non-invasive arterial pressure vs. thermodilution CO comparison as follows:
Grade A data were defined as having HR and MAP 
Results
We recruited 28 patients undergoing coronary artery bypass surgery, of whom one was not studied due to a dampened non-invasive arterial pressure. The resonance frequency of the arterial catheter-manometer system ranged from 15 to 25 Hz. In total, we analysed data from 27 patients (25 men, Table 1 ). Blood pressure was variable during surgery (Table 1 , Fig. 1 ). In these patients, 157
series of thermodilution cardiac outputs were determined in the periods before and after pump (Fig. 2) . In one patient, no thermodilution CO measurements were performed ( Fig. 2) before pump due to technical issues, so 26 patients were available, with a total of 91 data-points.
Grade A data were available in 14 patients (Table 2 and Fig. 3 ) before pump; percentage error was 23% for non-invasive arterial pressure CO vs. thermodilution CO, which increased to 28% for grade B (20 patients, Table 2 and Fig. 3 ) and to 32% for grade C (22 patients, Table 2 and Fig. 3 ). In grade D subjects, the percentage error of non-invasive arterial pressure CO became 37% (26 patients, Table 2 and Twenty-seven patients, 25 men and 2 women. The 'SD on mean arterial blood pressure' and 'SD on heart rate' give an indication of the variability within the subjects over the measurements. The reference method that we used, the pulmonary artery thermodilution technique, is considered the gold standard for CO monitoring in critically ill patients [34] .
However, due to the invasive and complex nature of pulmonary artery thermodilution, it is reserved for patients at high risk of haemodynamic instability. The benefits of inserting a Swan-Ganz catheter should outweigh the risks of this procedure [35, 36] . Moreover, the pulmonary artery thermodilution CO measurement is an indirect procedure that has to be judged critically with regard to accuracy. Its accuracy is enhanced by averaging three or four determinations over various phases of the respiratory cycle, to eliminate the influence of respiration on CO [11, 13] . Nonetheless, arrhythmias or variability in HR or MAP will degrade the determination of thermodilution CO [7] .
Assessment of fluid responsiveness demands accurate CO tracking, rather than absolute accuracy of a single CO determination [3] . Moreover, the haemodynamic variability associated with central hypovolaemia, and considerable stroke volume/pulse pressure variation renders thermodilution CO less reliable [37] . Nonetheless, in the current study, the tracking of changes in CO by pulse contour methods or thermodilution was hardly influenced by any of the respective variabilities. This can be explained by the analysis method for tracking, in which the averages of the available determinations for both methods were set equal. In this way, the bias was minimised, but random errors were also reduced to a certain extent; what remained were the changes around the average value. Tracking errors were approximately half of the errors found in the absolute values, in accordance with earlier studies [38] [39] [40] .
Some limitations need to be acknowledged when interpreting the current findings. First, data were collected as clinically available, and no interventions were planned to influence the accuracy or precision of the comparison.
However, the analysis allowed us to separate several factors known to influence either non-invasive arterial pressure or thermodilution CO, giving insights into the respective errors and suggesting practical implications for use of continuous and intermittent methods. Secondly, non-invasive measurements were performed on the side of Within-subject variability describes the range of CO in an individual; the within-subject precision is a measure of precision in an individual. The within-subject percentage error is calculated from the within-subject precision. Group (subject-averaged) percentage error assesses the precision of the comparison over the group, after averaging the individual values for each subject. N, number of patients; n, number of data-points. Grade A data: data pairs not included in case of > 5% variability in heart rate; > 5% variability in mean arterial pressure; arrhythmia; or a Physiocal interval < 30 beats during the TD CO. Effect of variability, grade B data: data pairs with variability in heart rate; mean arterial pressure > 5% or arrhythmia included; grade C data: data pairs with Physiocal interval < 30 beats included; grade D, all data. For the calculations, see Methods.
the intra-arterial cannula, which may have influenced the pressure transfer to the finger. Finally, the data of one patient were not used, due to the insufficient quality of the non-invasive arterial pressure measurements. Like invasive measurements, which may exhibit dampening or overshooting of the pressure waves, non-invasive measurements may be unreliable and should be judiciously used, as with any measurement.
In conclusion, the comparison of thermodilution with arterial pressure CO is affected by several factors that are frequently encountered in clinical practice. The accuracy of thermodilution CO is impacted by haemodynamic variability, and the arterial pressure CO is influenced by variability in peripheral vascular physiology. Small errors can be attained in well-controlled studies [31] , and in studies with haemodynamically stable patients [4] .
Comparison of CO methods in clinical practice will likely have larger errors. Studies comparing CO methods should report haemodynamic variability to allow a meaningful interpretation of the results.
